ABSTRACT: Understanding the structural nature of the free energy bottleneck(s) encountered in protein folding is essential to elucidating the underlying dynamics and mechanism. For this reason, several techniques, including Φ-value analysis, have previously been developed to infer the structural characteristics of such high free-energy or transition states. Herein we propose that one (or few) appropriately placed backbone and/or side chain cross-linkers, such as disulfides, could be used to populate a thermodynamically accessible conformational state that mimics the folding transition state. Specifically, we test this hypothesis on a model β-hairpin, Trpzip4, as its folding mechanism has been extensively studied and is well understood. Our results show that cross-linking the two β-strands near the turn region increases the folding rate by an order of magnitude, to about (500 ns) −1 , whereas cross-linking the termini results in a hyperstable β-hairpin that has essentially the same folding rate as the uncross-linked peptide. Taken together, these findings suggest that cross-linking is not only a useful strategy to manipulate folding free energy barriers, as shown in other studies, but also, in some cases, it can be used to stabilize a folding transition state analogue and allow for direct assessment of the folding process on the downhill side of the free energy barrier. The calculated free energy landscape of the cross-linked Trpzip4 also supports this picture. An empirical analysis further suggests, when folding of β-hairpins does not involve a significant free energy barrier, the folding time (τ) follows a power law dependence on the number of hydrogen bonds to be formed (n H ), namely, τ = τ 0 n H α , with τ 0 = 20 ns and α = 2.3.
■ INTRODUCTION
Protein folding occurs spontaneously, as the process lowers the free energy of the system upon formation of the folded state. During folding, however, the entropic loss can transiently outweigh the enthalpic gain, thus resulting in one or more free energy bottlenecks or transition states along a given folding pathway. 1−3 Because, for a given protein, identifying the structure of the folding transition state(s) is key to elucidating its folding mechanism, these high energy states have been the subject of many previous studies. 4 Due to the transient nature of these states, however, it is extremely difficult, if not impossible, to directly observe and study them experimentally. As such, only indirect methods 5−8 have been used to yield structural information about folding transition states. For example, one such method, Φ-value analysis, uses site-specific side chain mutations in conjunction with stability and kinetics measurements to infer if a certain side chain becomes nativelike at the transition state. 9−11 While these methods have proven invaluable in the study and understanding of how proteins fold, they cannot be used to isolate the folding transition state of interest for further structural and dynamic investigations. Thus, it would be very useful to devise a method that can convert a folding transition state to a thermodynamically stable and accessible state. Herein, we propose, based on the transition state analog (TSA) methodology commonly used in mechanistic studies of enzymatic reactions, 12, 13 that it is possible, at least for small protein systems, to use cross-linking strategies to accomplish this goal.
In enzymatic studies, the TSA represents a stable, nonreactive enzyme−substrate complex that mimics the transition state of the reaction of interest. 14, 15 In such biochemical reactions, the transition state is an ensemble of high energy configurations near a saddle point along the free energy coordinate that is experimentally inaccessible. However, since the TSA is thermodynamically accessible and also captures strongly bound interactions that translate to a transition statelike complex, 16 it allows for a more detailed structural characterization of the transition state, which is otherwise difficult to achieve. 17 For protein folding, another advantage of being able to engineer TSAs is that, besides what is mentioned above, it would enable us to measure folding dynamics that are otherwise inaccessible, i.e., the conformational dynamics at the downhill side of the folding free energy barrier. For small and two-state folding proteins, the folding transition state often consists of a relatively small number of key side chain-side chain and backbone−backbone hydrogen bond interactions. Thus, a viable strategy that could be used to create a folding TSA is to cross-link some of these key interactions via covalent bonds, to lower the entropic cost of forming the transition state. To test the feasibility of this idea, herein we apply it to one of the simplest folding systems, the β-hairpin.
Since the folded structure of β-hairpins consists of a series of backbone−backbone hydrogen bonds, some of which exist in the transition state, 18−25 an ideal approach to create a folding TSA would be to covalently cross-link one or multiple of these hydrogen bonds. Converting a backbone−backbone hydrogen bond to a chemical bond without introducing significant structural perturbations, however, is challenging. Thus, instead we seek to use a side chain disulfide cross-linker to help, albeit in an indirect manner, restrain a particular native backbone− backbone hydrogen bond that is predicted to form in the transition state. A disulfide bond may introduce strain to these hydrogen bonded sites, however, experiments on a small model system have shown that the favorable enthalpic contribution of the cross-linker could compensate for this potential geometric distortion. 26 While the strategy of cross-linking has been widely used to increase protein stability, 26−31 trigger protein unfolding, 32, 33 and to interrogate, in the context of Φ-value analysis, 34−38 folding mechanisms, to the best of our knowledge it has not been used to create a thermodynamically stable conformation that structurally resembles the folding transition state. As many studies have shown, the major folding pathway of Trpzip β-hairpins 39−51 involves a transition state wherein the turn structure is at least partially formed. Thus, we propose, using Trpzip4 as a testbed, to create a β-hairpin folding TSA by forcing the formation of a backbone−backbone hydrogen bond critical to the stability of the β-turn between Asp6 and Thr11 ( Table 1) . As indicated (Figure 1) , such a conformational constraint on a system that folds cooperatively, if effective, is expected to divide the unfolded state ensemble into two structurally distinguishable subpopulations: one with a native or native-like turn (U A ), whereas the other is completely unstructured (U B ). If U A behaves like a folding TSA, we expect that its folding rate will be significantly increased with respect to the wild-type. On the other hand, the folding kinetics of U B are expected to be similar to those of the wild-type because both pathways (i.e., U B → F and U B → U A → F) involve the formation of the turn, the rate limiting step in Trpzip4 folding. 44 Indeed, consistent with this picture, our results show that the conformational relaxation kinetics of this cross-linked Trpzip4 variant, induced by a rapid temperature-jump (Tjump) and measured via time-resolved infrared (IR) spectroscopy, 52 are biphasic, with one phase having a relaxation rate that is almost identical to that of the wild-type and another relaxing an order of magnitude faster. Further evidence supporting our hypothesis (Figure 1 ) is that T-jump measurements on another cross-linked Trpzip variant, whose two ends are connected via a disulfide (Table 1) , only show singleexponential relaxation kinetics, as are observed for the wildtype, but with a slower relaxation rate, due mainly to a decrease in the unfolding rate.
■ MATERIALS AND METHODS
All peptides were synthesized using standard 9-fluorenylmethoxy-carbonyl (Fmoc) methods on a PS3 peptide synthesizer (Protein Technologies, Woburn, MA) and purified by reversephase high-performance liquid chromatography (HPLC). Amino acids were purchased from Advanced ChemTech (Louisville, KY). MALDI-TOF mass spectrometry was used to characterize the identity of the synthesized peptides. Disulfide formation was accomplished, using a published protocol, 53 via dimethyl sulfoxide (DMSO). Specifically, an appropriate amount of pure peptide solid was dissolved in a 20% DMSO solution in H 2 O, and the resulting mixture was stirred for 4 h at room temperature, allowing the oxidation reaction to complete. Subsequently, a second round of HPLC was carried out to purify the disulfide cross-linked peptide, and the identity was further verified by MALDI-TOF mass spectrometry. All peptide samples were prepared by directly dissolving the lyophilized peptide solid in D 2 O and the final pH of the peptide samples was approximately 3. For the uncrosslinked peptide samples, a reducing agent, tris(2-carboxyethyl)-phosphine hydrochloride (TCEP), was also added at a concentration of approximately 10 times that of the peptide, to ensure that disulfide bonds were completely removed. The peptide concentration was determined optically using the absorbance at 280 nm and ε 280 = 22 125 cm −1 M −1 , and, for all peptide samples, residual trifluoroacetic acid (TFA) from peptide cleavage has been removed via deuterium chloride (DCl) exchange.
Static and Time-Resolved Spectroscopic Measurements. The instruments and conditions used to collect the spectroscopic data, including static circular dichroism (CD) and infrared (IR) and time-resolved IR measurements, are identical to those used previously. 54 For the IR measurements, the peptide concentration was approximately 2 mM, prepared in D 2 O (pH 3). The probing frequency in the T-jump experiment was 1626 cm −1 , and the T-jump amplitude was in the range of 8−12°C.
Molecular Dynamics Simulations Using Integrated Tempering Enhanced Sampling. Molecular dynamics (MD) simulations were performed for wild-type and crosslinked Trpzip4 using the AMBER 11 package. The peptides were modeled with the AMBER FF96 55 all-atom force field, and the solvent was modeled with the GB OBC /SA implicit 
a Underlines indicate disulfide cross-linking. solvent model. 56 The salt concentration was set to 0.2 M, and the default surface tension was 5 × 10 −3 kcal/mol/Å 2 . The SHAKE 57 algorithm with a relative geometric tolerance of 10
was used to constrain all chemical bonds. Nonbonded cutoffs were not used in the simulations. For both wild-type and crosslinked Trpzip4, 10 independent trajectories were carried out for 200 ns (2 μs in total). In each trajectory, the fully extended structure of the polypeptide was first subjected to 2500 steps of minimization, and then the temperature of the system was established by velocity rearrangement from a Maxwell− Boltzmann distribution at 300 K. Afterward, the system was maintained at 300 K using the weak-coupling algorithm with a coupling constant of 0.5 ps
. The integrated tempering enhanced sampling (ITS) 58−60 method was used in the production run of each trajectory. In the present study, 100 temperatures, evenly distributed in the range of 270−470 K, were used in the ITS method to ensure the efficient sampling of the desired energy.
■ RESULTS AND DISCUSSION
We chose the Trpzip4 β-hairpin (Table 1) as our model system because of its small size and the large body of information on its folding mechanism. 42,44,61−66 The major folding pathway, as suggested by previous studies, 42, 44 begins with turn formation, which is a thermodynamically unfavorable event and hence results in a folding free energy barrier, followed by the sequential creation of backbone−backbone hydrogen bonds further away from the turn in a 'zipping out' manner. Thus, based on this picture as well as the NMR structure, 67 which indicates that the first interstrand hydrogen bond is formed between the amides of Asp6 and Thr11, we propose to use a disulfide to reduce the number of possible configurations available near these residues with the expectation that this restriction is sufficient to produce an unfolded species that has a native-like turn and, therefore, behaves like a folding TSA. To accomplish this, we first mutated Asp6 and Thr11 to cysteine, and then the resulting mutant was placed under oxidizing conditions to promote disulfide bond formation. In addition, we have studied another cross-linked variant of Trpzip4 with a disulfide formed at the peptide ends that serves as a control. For convenience, the sequences and abbreviations of all the peptides studied are summarized in Table 1 .
Effect of Cross-Linking on the Thermal Stability of Trpzip4. As shown (Figure 2 ), the far-UV CD spectra of both cross-linked and uncross-linked peptides are in line with that of the wild-type, 44 exhibiting a positive band at 228 nm. 68 Since this CD feature signifies the π−π* exciton-coupling of the paired Trp residues in the folded state, 69−71 these results suggest that the mutations and disulfide constraints used in this study do not significantly perturb the native fold of Trpzip4. In addition, the chemical shifts obtained from the 1D 1 H NMR spectrum of TZ4-T-CL agree with previously published data, 67 and are well dispersed, which indicates a well-folded secondary structure ( Figure S1 , Supporting Information). As expected, CD thermal unfolding measurements indicate, for a given sequence, that cross-linking increases the thermal stability of the β-hairpin, in comparison to that of the uncross-linked peptide ( Figure 3 and Table 2) . Nevertheless, what is more interesting is that the T m (∼67°C) of TZ4-T-CL is almost identical to that (∼70°C) of the wild-type, 42 indicating that the added disulfide constraint at this site does not significantly perturb β-hairpin stability, presumably because the enthalpic stabilization gained from the cross-linking is mostly offset by the conformational entropic loss in the unfolded state. 72 On the other hand, as observed in similar studies, 28, 73 cross-linking the two ends of the Trpzip4 peptide results in a hyperstable β-hairpin with a T m > 100°C. This result is not surprising considering that the unfolding process, which, according to the zipping out folding mechanism, should 'unzip' the backbone− backbone hydrogen bonds of the hairpin starting from the strands' termini.
Effect of Mutation and Cross-Linking on the Relaxation Kinetics of Trpzip4. The conformational relaxation kinetics of these Trpzip4 variants were measured by a laser-induced T-jump IR technique, as was used in the study of the Trpzip4 wild-type peptide. As shown (Figure 4) , unlike what was observed for the wild-type, the conformational relaxation of TZ4-T-CL, probed at 1626 cm , proceeds with two distinct and well-separated kinetic phases, indicating that the disulfide cross-linking indeed, as proposed, changes the folding mechanism of Trpzip4, as the wild-type, in response to a T-jump, only shows single-exponential decays. Interestingly, as shown (Figure 5 ), the relaxation rate of the slow phase (τ 2 ) is almost identical to that of the wild-type in the temperature range between 40 and 45°C, 42 whereas the relaxation rate of the fast phase (τ 1 ) is an order of magnitude faster. To confirm Table 2. that the difference in the relaxation kinetics of TZ4-T-CL and the wild-type originates from the disulfide cross-linker, we also measured the relaxation kinetics of the uncross-linked variant of this peptide (TZ4-T-UL). As shown (Figure 6 ), the T-jump induced relaxation kinetics of TZ4-T-UL can well be described by a single-exponential function with a rate constant that is slower than that of the wild-type. Further analysis of the relaxation rates, based on a two-state model, 74 indicates that this slowing down predominantly arises from a decrease in the folding rate ( Figure 6 ). For example, at 40°C the folding and unfolding rate constants of TZ4-T-UL are determined to be (13.3 μs) −1 and (66.0 μs)
, respectively, compared to (6.6 μs) −1 and (48.4 μs) −1 of the wild-type. This result is in agreement with the notion that the turn is at least partially, if not completely, formed in the transition state as these cysteine mutations, as shown above (Figure 3 ), destabilize the native fold. Additionally, the relaxation rate of the slow phase in TZ4-T-CL is at least 2 times faster than that of TZ4-T-UL, thus ruling out the possibility that the double-exponential kinetics observed in TZ4-T-CL could be due to a mixture of oxidized and reduced disulfides.
To further confirm that the double-exponential relaxation behavior observed is unique to TZ4-T-CL, we have also studied a second disulfide Trpzip4 variant, TZ4-E-CL, where the crosslinker is introduced at the termini of the β-hairpin and, hence, is not directly involved with interstrand hydrogen bonding or key side chain interactions. As shown (Figure 7 ), similar to those observed for the wild-type and TZ4-T-UL, the T-jump induced conformational relaxation kinetics, measured only at high temperatures because of the peptide's high stability (Table 2) , are single-exponential. Thus, these results provide further evidence supporting the notion that the disulfide cross-linker in TZ4-T-CL is unique in that it alters the folding mechanism of Trpzip4.
Evidence Suggesting the Population of a Folding TSA in the Unfolded State. The fact that the conformational relaxation of TZ4-T-CL occurs in a distinctively different manner than that of Trpzip4 wild-type suggests that the crosslinker acts to introduce either an additional folding pathway by forming two distinct unfolded conformational states, as indicated in Figure 1 , or an on-pathway folding intermediate (i.e., I in a sequential folding mechanism U → I → F). Distinguishing between these two possibilities is not easy, as both could give rise to double-exponential relaxation kinetics with two drastically different rate constants. However, MD simulations provide evidence indicating the presence of two unfolded populations. As a result, we propose that the folding mechanism follows the cartoon shown in Figure 1 , where there are two pathways to the folded state: one with a barrier (i.e., from U B ) similar to the wild-type, and one (i.e., from U A ) with a much smaller barrier or no barrier at all.
The above results support the notion that the disulfide crosslinker in TZ4-T-CL modifies the mechanism of Trpzip4 folding by creating a partially folded, thermodynamically accessible state, U A , which folds on an ultrafast time scale (∼500 ns at 40°C
). In addition, a simple calculation, using the relaxation rate constants of U A and U B , suggests that the difference in their folding free energy barrier heights (i.e., ΔΔG ‡ ) is about 2.4 k B T. Considering that U B has roughly the same relaxation rates as the wild-type and that small proteins typically have a free energy barrier in the range of 2−4 k B T, 2,75−78 these results suggest that the folding of U A (Figure 1 ) proceeds without encountering any significant free energy barriers. In other words, we believe that U A behaves like a TSA and its folding rate, approximately (500 ns) −1 , reports on the dynamics of a fundamental event in β-hairpin folding, namely, the process taking the system from the transition state to the folded state.
To provide further evidence supporting the proposed folding mechanism, we carried out free energy calculations on TZ4-T-CL. Specifically, we generated the folding free energy landscape of TZ4-T-CL using MD simulations at 313 K as a function of turn residues, which include Asp7-Lys10, and the residues outside the turn region that are also involved in interstrand hydrogen bonding (referred to as β residues). As shown (Figure 8 ), the simulations clearly indicate that two major unfolded populations are present, with one having a folded turn structure ( Figure S2 , Supporting Information) and likely corresponding to the proposed U A state. In addition, there is no apparent barrier between this unfolded state and the folded state, indicative of a downhill folding pathway. The second unfolded population observed in the simulations corresponds to a fully unfolded structure ( Figure S3 , Supporting Information) with none of the turn and β-strand residues being native-like and, thus, is consistent with the proposed U B state. Unlike the partially unfolded state, folding from this fully unfolded state involves a free energy barrier of ∼3.0 k B T, which agrees well with the value of ∼2.4 k B T calculated from experiments. Similarly, simulations indicate that converting the fully unfolded state to the partially unfolded state also involves a free barrier that amounts to ∼3.0 k B T. For comparison, we also computed the folding free energy landscape of Trpzip4 wild-type. As shown (Figure 9 ), the folding free energy barrier is ∼5.0 k B T, which is in close range to the barrier height observed for U B in TZ4-T-CL. However, if folding were assumed to begin from an unfolded state similar to U A , the free energy barrier is significantly higher, showing that the disulfide cross-linker can indeed play a key role in modulating the folding free energy landscape.
In addition, a recent study by Dyer and co-workers 79 showed that a designed mini-β-hairpin, CLN025, a variant of Chignolin, with a preformed turn in the unfolded state, has a folding rate of (∼100 ns) −1 at 40°C. They attribute this ultrafast rate to an early hydrophobic collapsed structure that results in a free energy landscape with a minimal folding barrier. As a consequence, the folding rate is limited only by local rearrangements required to accommodate native hydrogen bond formation. Since Hamm and co-workers have shown that the rate of hydrogen bond formation occurs on a picosecond time scale, 80 then the difference in the folding rates of CLN025 and TZ4-T-CL (from U A ) most likely reflects the difference in the times required to bring the two chains to their native geometries in these two cases. In other words, the rate of β-hairpin structural evolution, from the transition state, should be limited by the chain diffusion rate or the rate of loop closure and, as a result, the longer folding time of TZ4-T-CL (from U A ) is due to its longer chain length. To provide further support of this notion, we analyzed how the folding rate depends on chain length, using the number of native hydrogen bonds as a proxy. Assuming that the turn is preformed for both CLN025 and TZ4-T-CL (from state U A ), folding then involves propagation of two or four hydrogen bonds, respectively. As shown (Figure 10 ), the folding time shows a power law dependence on the number of native hydrogen bonds to be propagated and, perhaps more interestingly, the value of the exponent (2.3) is almost identical to that (2.4) determined by Makarov and co-workers 81 for end-to-end loop closure time with respect to length for unstructured polymer chains. Not only does this finding provide further evidence indicating that the folding of TZ4-T-CL, when it starts from state U A , encounters a small, if any, free energy barrier, but it also suggests that the time it takes to form native contacts in a peptide chain in a downhill folding scenario can be estimated by the rate of loop closure. Finally, another line of evidence supporting the aforementioned power law relationship is that the rate of adding an extra β-strand onto a folded threestranded β-sheet protein, which involves formation of four interstrand hydrogen bonds in a barrierless manner, was also found to be approximately (500 ns) −1 at 40°C.
82 Figure 9 . Simulated free energy landscape of Trpzip4 wild-type presented as a function β-strand residues versus the number of turn residues at 313K. The interval between the contour lines is 1 k B T. 
■ CONCLUSIONS
The transition state is the hallmark of protein folding dynamics. However, due to its transient nature, taking a snapshot of the folding transition state with sufficient structural resolution is inaccessible by current experimental techniques. Thus, it would be helpful to devise a method that could create stable structural analogues of the transition state. Here, we propose that it is possible to utilize a side chain cross-linker to restrict a particular backbone−backbone hydrogen bond site, thus allowing for the creation of a thermodynamically stable state analogous to the transition state. In a proof-of-principle study, we apply this idea to a small β-hairpin model, Trpzip4, the transition state of which has been shown to involve turn formation. By strategically introducing a disulfide constraint in the turn region that, we believe, would facilitate native turn formation even in the unfolded state, we find that the conformational relaxation kinetics of the disulfide-bond-containing Trpzip4 has two phases, indeed indicative of the presence of an additional state. Further evidence supporting the notion that this crosslinked Trpzip4 has an unfolded state that mimics the folding transition state of the wild-type is that the folding rate of this state, about (500 ns) −1 at 40°C, is approximately an order of magnitude faster than the wild-type. In addition, a simple analysis of the folding rate obtained from these results reveals that cross-linking the turn induces a free energy barrier decrease of ∼2.4 k B T. Furthermore, MD simulations performed on the cross-linked Trpzip4 variant also corroborate the notion that two distinct unfolded populations are present: one with a preformed turn that folds via a barrierless pathway, and a second fully unfolded state that encounters a folding free energy barrier similar to that of the wild-type. More interestingly, we find that the time required to propagate a number of native hydrogen bond contacts after the major folding barrier follows a similar length dependence as observed in loop closure kinetics. 
